To determine whether memory is processed in a localized or distributed manner by the hippocampus, we inactivated small regions of the structure in pretrained rats before a retention test. Ibotenic acid-induced lesions removing 40% of the hippocampal tissue disrupted retrieval of spatial memory in a water maze but failed to affect new learning or retrieval of a task that was acquired postoperatively. Partial inactivation of the hippocampus by local intrahippocampal 5-aminomethyl-3-hydroxyisoxazole muscimol infusion also impaired retrieval but not new learning. This impairment was temporary; infusions had no effect on retrieval of predrug performance when the test was conducted 48 hr after the infusion. Systematic variation of the volume of dorsal and ventral hippocampal lesions showed that successful retrieval required the integrity of the entire dorsal 70% of the hippocampus. Our data suggest that although spatial tasks can be acquired with local ensembles of hippocampal neurons when other parts of the hippocampus are inactivated, spatial memory is normally both encoded and retrieved by a widely distributed hippocampal network.
To determine whether memory is processed in a localized or distributed manner by the hippocampus, we inactivated small regions of the structure in pretrained rats before a retention test. Ibotenic acid-induced lesions removing 40% of the hippocampal tissue disrupted retrieval of spatial memory in a water maze but failed to affect new learning or retrieval of a task that was acquired postoperatively. Partial inactivation of the hippocampus by local intrahippocampal 5-aminomethyl-3-hydroxyisoxazole muscimol infusion also impaired retrieval but not new learning. This impairment was temporary; infusions had no effect on retrieval of predrug performance when the test was conducted 48 hr after the infusion. Systematic variation of the volume of dorsal and ventral hippocampal lesions showed that successful retrieval required the integrity of the entire dorsal 70% of the hippocampus. Our data suggest that although spatial tasks can be acquired with local ensembles of hippocampal neurons when other parts of the hippocampus are inactivated, spatial memory is normally both encoded and retrieved by a widely distributed hippocampal network.
Key words : spatial learning; memory; hippocampus; water maze; rat; distributed network; septotemporal; dorsal hippocampus; muscimol Considerable evidence points to the hippocampus as a brain structure of importance for encoding and retrieval of explicit memory (Squire, 1992; Schacter and T ulving, 1994; Eichenbaum, 1997) . The mnemonic role of the hippocampus is particularly clear in tasks in which subjects are required to remember location (O'Keefe and Nadel, 1978) . Hippocampal lesions disrupt acquisition and retrieval of spatial maze tasks in rats (Jarrard, 1978; Morris et al., 1982 Morris et al., , 1990 , and principal cells in the rat hippocampus fire in a location-specific manner during exploration of spatial environments (O'Keefe and Nadel, 1978; Muller, 1996) . In humans, the right hippocampus is activated in navigation tasks in which retrieval of spatial relations is essential (Maguire et al., 1997) .
A currently debated issue is whether the ensemble of neurons responsible for encoding and retrieval of a spatial learning episode is localized or distributed within the hippocampus. Based on the internal connectivity of the hippocampus, a range of theories have proposed that the hippocampus, acting as an autoassociative matrix (Kohonen, 1984; Rolls and Treves, 1997) , encodes episodes and locations in a distributed manner (Marr, 1971; McNaughton and Morris, 1987; Buzsáki et al., 1990; Treves and Rolls, 1994; Hasselmo et al., 1995) . However, although the hippocampus has many of the anatomical and physiological features expected of a distributed associative system, there is a lack of behavioral evidence for distributed f unction. The strongest piece of evidence is perhaps the nontopographic representation of location by hippocampal principal cells, with cells coding for the same location being distributed over the entire hippocampus (O'Keefe and Nadel, 1978; Jung et al., 1994; Poucet et al., 1994) . However, location can nevertheless be predicted at high accuracy from the spatial correlates of a local cluster of hippocampal neurons (Wilson and McNaughton, 1993) , suggesting that the neuronal elements required for representing an environment may exist within quite circumscribed regions of the hippocampus.
The size of the network involved in a hippocampus-dependent learning task can be determined by partial lesions or partial inactivation of the hippocampus. It has been shown previously that small blocks of the hippocampus (Յ25%) are sufficient for learning a reference memory task in a water maze, provided that the block is located within the dorsal two-thirds of the hippocampus (Moser et al., 1993 (Moser et al., , 1995 (Moser et al., , 1997 . This suggests that spatial learning may take place with a fairly concentrated cluster of neurons. However, it is conceivable that the cells participating in encoding of memory for location are more distributed when the entire hippocampus is available, as it is in the normal rat. To explore this possibility, we first trained rats in a water maze task and then lesioned or temporarily inactivated parts of the hippocampus. We found that retrieval, but not new learning, was disrupted by restricted bilateral lesions at either side of the dorsal two-thirds of the hippocampus. The results suggest that although spatial tasks can be acquired with a small hippocampal remnant, a widely distributed hippocampal network is used for encoding and retrieval in normal rats.
MATERIALS AND METHODS
Subjects. One hundred forty-three naïve male L ong-Evans rats (300 -450 gm) were housed in groups of four to six in large transparent polycarbonate cages (59 ϫ 38 ϫ 20 cm) with food and water available ad libitum. They were kept on a 12 hr light /dark schedule and tested in the light phase. The animals received either a bilateral partial lesion of the hippocampus or bilateral intrahippocampal injection of the GABA A receptor agonist 5-aminomethyl-3-hydroxyisoxazole (muscimol). Control animals received sham lesions or intrahippocampal saline inf usions, respectively.
Behavioral training. All rats were trained in a water maze (Morris, 1984) : a white circular poly vinylchloride tank (198 cm in diameter, 50 cm deep) filled to a depth of 40 cm with water at 25 Ϯ 2°C. Latex liquid was added to make the water opaque. A pneumatically controlled escape platform (11 cm in diameter) was located in the center of the southwest quadrant and could be moved by remote control between an available level (1.5 cm below the water surface) and an unavailable level (22 cm below the surface). The pool was located in a room (4 ϫ 7 m) with multiple cues on all sides. A wall separated the pool from the experimenter during the trials. Unless otherwise indicated, the rats were trained to asymptotic performance before surgery. Training consisted of 11 sessions of four consecutive trials each. One session was conducted in the morning and one in the evening over a period of 6 d, except for the first day when the rats received only one session. In each trial, the rats were released from one of eight equally spaced start positions along the perimeter of the pool in a predetermined and pseudorandom order. The position of the hooded rat during swimming was identified and stored at 10 Hz by a tracking system (H VS Image, Hampton, UK ; Watermaze Software, Edinburgh, UK). If the rats had not entered the platform after 120 sec, they were guided onto it. The rats were left for 30 sec on the platform. On the last day of pretraining, only a spatial probe test was conducted. The platform was kept in its lower position for the first 60 sec of the test and the search pattern was recorded. The platform was subsequently raised to its upper accessible position, after which the rat usually found the platform. The rats were released from the quadrant opposite to the platform on the probe test. They were ranked, matched, and assigned to surgery or drug groups according to the proportion of time they spent around the platform.
Seven days after completion of pretraining and surgery, a retention test was conducted. Again, the platform was kept in its lower position for the first 60 sec, and the swim pattern was recorded. Immediately afterward, new walls and landmarks were placed around the pool and the rats were retrained with the platform in a new location. Training in the new environment consisted of four blocks of two trials each. The blocks were separated by 1 hr intervals in lesioned animals and by 10 min intervals in drug-inf used animals. After the last block, another spatial probe test was conducted.
Surger y. Within 36 hr after completion of pretraining, the rats were anesthetized with equithesin (pentobarbital and chloral hydrate; 1.0 ml /250 gm body weight). Hippocampal lesions were made by bilateral injection of ibotenic acid (Biosearch Technologies, San Rafael, CA) at Յ28 sites (Jarrard, 1989) . Ibotenic acid was dissolved in 10 mg /ml PBS, pH 7.4, and injected with a 1 l Hamilton syringe mounted to the stereotaxic frame. Injections of 0.05-0.10 l were made over 10 -20 sec at each site. The syringe was retracted 2 min after injection. In shamoperated rats, the syringe was lowered through the neocortex, but no drug was inf used. In three separate rats, EEGs (0.2 sec epochs at 30 sec intervals) were recorded from the dorsal hippocampus after ventral ibotenic acid inf usions for 5-9 hr until anesthesia had worn off. Afterdischarges (which could lead to damage outside the injected area) were not observed.
Temporar y inactivation. A subset of the rats (n ϭ 32) did not receive lesions but were implanted with two 26 ga guide cannulas (C315G; Plastics One), one above the dorsal pole of each hippocampus (3.0 mm behind bregma, 2.2 mm lateral, 1.0 mm below dura). C annulas and anchor screws were encased in dental acrylic. Seven days after surgery, the GABA A agonist muscimol (Sigma, St. L ouis, MO) dissolved in PBS, pH 7.4, was inf used via a 33 ga internal cannula (C315I; Plastics One) with the tip protruding 1.0 mm beyond the guide cannulas. A total of 0.07 g of muscimol in 0.14 l was injected into each hippocampus at 0.15 l /min (controlled by a syringe pump). Control rats (n ϭ 11) received saline (same volume and same rate). The internal cannula was retracted 4 min after each inf usion. Retention was tested 20 min later. A separate group (n ϭ 8) received the muscimol 48 hr before the retention test.
Histolog y. The rats were killed with an overdose of equithesin and perf used intracardially with saline and 4% formaldehyde. The brains were stored in formaldehyde for Ն1 week. Frozen sections were cut coronally (30 m) and stained with cresyl violet. To determine the volume of residual hippocampal tissue in the lesioned animals, the sections were placed under a microscope attached to a video camera and a personal computer. Images were grabbed by GrabIt (AIMS Lab) and taken into C anvas (Deneba Systems), where an outline of remaining hippocampal tissue was traced. The area of the outlined region was determined by C anvas. Volume of hippocampal tissue was calculated by treating the hippocampal remnant as a series of truncated cones with parallel surfaces, in which each surface corresponded to one section and the area of the surface was equal to the area inside the outline. The volume of the hippocampal remnant was expressed as percentage of the mean volume of hippocampal tissue in the sham-operated group. Such volume estimates have been shown previously to be highly reliable, with interobserver reliabilities Ͼ0.99 (Moser et al., 1995) .
RESULTS

Effects of partial hippocampal lesions on retrieval and new learning
The effect of small lesions in the hippocampus on encoding and retrieval was investigated in 42 rats that had been pretrained in a Morris water maze. During pretraining, all of these rats learned to swim directly to the hidden platform well before training was completed ( Fig. 1 A) . On the last day of pretraining, a spatial probe test with the platform unavailable at the bottom of the pool was conducted. The animals spent most of the trial searching within a small zone around the platform (Fig. 1 B) . They were ranked according to time spent in the platform zone, matched, and assigned to three groups, which received (1) partial hippocampal lesions starting from the ventral pole, (2) complete hippocampal lesions, or (3) sham surgery. Surgery started 1 hr after the probe test.
The partial hippocampal lesions encompassed nearly all hippocampal tissue from the ventral pole of the structure up to the level of the lateral geniculate nucleus (Fig. 2) . The lesions spared 60.7 Ϯ 2.5% (mean Ϯ SEM) of the total hippocampal volume. The border between damaged and healthy tissue was sharp, implying that the density of intact neurons within the remaining dorsal hippocampus was within the normal range. There was partial damage to the ventral subiculum in most of the animals. Four animals were excluded because of patchy hippocampal lesions, neocortical damage, or unintended hippocampal damage (sham animal).
Retrieval was measured on a second probe test 7 d after pretraining and surgery (Fig. 1C) . Only the sham-operated group clearly searched more within a circular zone (35 cm radius) around the platform than in corresponding zones of the other quadrants. Although each zone covered 12.5% of the pool, these animals spent 35.0 Ϯ 3.8% (mean Ϯ SEM) of the search period in the platform zone. Rats with partial or complete hippocampal lesions failed to show any preference for the platform zone (15.1 Ϯ 2.2% and 5.8 Ϯ 1.8%, respectively). The short time spent around the platform in the complete lesion group was attributable to swimming near the start position opposite to the platform quadrant at the beginning of the trial. A repeated measures ANOVA of time spent in the four quadrant zones showed a significant Groups ϫ Zones effect (F (6,87) ϭ 9.2; p Ͻ 0.001) with significant group differences in the target zone (F (2,31) ϭ 19.7; p Ͻ 0.001). Subsequent planned orthogonal comparisons showed that the rats with partial or complete lesions had lower target zone times than the sham-operated controls (F (1,31) ϭ 39.2; p Ͻ 0.001), whereas the lesioned groups themselves did not differ (F (1,31) ϭ 3.0; p Ͼ 0.05)
The ability of the above rats to learn a new task was tested on the same day by training them in a new environment. The same partially lesioned animals now performed as well as the sham group. At the end of four blocks of training, both groups had escape latencies Ͻ15 sec (Fig. 1 A) , and on a subsequent probe test, both groups searched primarily in the platform zone (Fig.  1 D) . Rats with complete hippocampal lesions still failed to show any preference for the target area. There was a significant Groups effect on the escape latencies (F (6,87) ϭ 3.7; p Ͻ 0.005) and a significant Groups ϫ Zones effect on time distribution on the probe test (F (6,87) ϭ 10.0; p Ͻ 0.001). Both effects reflected the difference between the complete lesion group and the two other groups. The preservation of spatial learning in rats with the dorsal 60% of the hippocampus intact is consistent with previous observations (Moser et al., 1995) and argues for adequate function of the spared hippocampal tissue.
To further rule out nonspecific factors related to incomplete recovery from surgery on the retention test on day 7, separate groups with similar lesions were tested for retention 16 d after surgery (n ϭ 23). In the partial lesion group, 56.6 Ϯ 1.6% of hippocampal volume was spared, with the lesion starting at the ventral end of the hippocampus. The same differential behavior was observed as after 7 d. The rats spent 31.0 Ϯ 3.7% (sham surgery), 17.2 Ϯ 2.1% (partial lesions), and 9.1 Ϯ 2.9% (complete lesions) of the search time in the platform zone (Groups ϫ Zones effect, F (6,60) ϭ 3.2; p Ͻ 0.01).
Relationship between volume of hippocampal tissue and success of retrieval
The fact that retrieval of a spatial task was impaired after a lesion confined to the ventral half of the hippocampus was surprising, because ventral lesions have no effects on encoding (Moser et al., 1993 (Moser et al., , 1995 . The ventral hippocampus might be a central part of the substrate for retrieval but not for encoding. Alternatively, both encoding and retrieval rely primarily on the dorsal hippocampus, but the area used for retrieval might be larger and thus stretch well into the ventral half of the hippocampus (and into the damaged region of rats with ventral lesions). To dissociate effects of location from effects of volume, we pretrained rats to asymptotic performance (as above) and made additional lesions sparing a broader range of hippocampal volume. Lesions were now made from either the ventral end of the hippocampus (as above) or from the dorsal end. In total, 100 rats received surgery (including the rats of the first experiment). Sixty-one of these received dorsal (n ϭ 39) or ventral (n ϭ 22) hippocampal lesions.
The partial lesions were confined to either the dorsal or the ventral hippocampus. The volume of the dorsal remnants ranged from 41 to 91% of total hippocampal tissue, whereas the ventral remnants ranged from 27 to 92%. Ventral hippocampal lesions were associated with some ventral subicular damage. Seven animals with dorsal remnants, two with ventral remnants, three with complete lesions, and three sham-operated animals were excluded because of unintended neocortical or thalamic damage or because of patchy hippocampal lesions.
Successful retrieval 7 d after pretraining and surgery was observed only with the largest volumes of spared dorsal hippocampal tissue (Fig. 3) . In the group with dorsal remnants, those with Ͼ60% of the hippocampus intact preferred the platform zone to the other zones, but only those with Ͼ70% were comparable to the sham rats (sham group vs 60 -70% group, t (31) ϭ 3.4; p Ͻ 0.005; sham group versus Ͼ70% group, t (26) ϭ 1.5; p Ͼ 0.05). In the group with ventral remnants, rats with Ͻ70% intact performed at random, whereas rats with Ͼ70% showed some retention but still significantly less than the sham group (t (29) ϭ 3.1; p Ͻ 0.005). There were no group differences in behavior during the pretraining. Thus, rats need at least 70% of the hippocampus to retrieve a spatial task that is encoded preoperatively. These 70% must be at the dorsal side of the structure.
Reversibility of the retrieval deficit
We investigated whether the retrieval deficit was reversible by inactivating a small portion of the dorsal hippocampus with the GABA A agonist muscimol in a separate set of animals (n ϭ 32), all pretrained to asymptotic performance in the water maze (Fig.  4 A) . All rats showed a preference for the zone around the platform on the probe test at the end of training (Fig. 4 B) . The infusion cannulas were placed within the dorsal one-third of the hippocampus on both sides of the brain (Fig. 5) . The amount of hippocampal damage was Ͻ0.2%. In two animals, the cannulas did not hit the hippocampus; these animals were excluded from further analysis. Three animals were excluded because of cortical lesions or infection.
Seven days after pretraining and implantation, the animals were tested for retrieval of the spatial task. T wenty minutes before testing, they received an intrahippocampal infusion of either saline or a low dose of muscimol. In a separate group, muscimol was inf used 48 hr before the retrieval test; thus, little or no drug was left in the brain at the time of testing. Rats tested with muscimol at the 20 min interval swam no more in the platform zone than in the corresponding zones of the other quadrants (Fig. 4C) . In contrast, rats tested at 48 hr clearly preferred the platform zone, as did the saline-inf used animals, suggesting that the retrieval impairment was reversible. ANOVA of the probe test times showed a significant Groups ϫ Zones effect (F (6,72) ϭ 4.2; p Ͻ 0.001) and a significant Groups effect on time in the platform zone (F (2,26) ϭ 7.7; p Ͻ 0.005). Planned orthogonal comparisons showed that the muscimol 20 min group spent less time in the target zone than the saline and muscimol 48 hr groups (F (1,26) ϭ 15.4; p Ͻ 0.001), whereas the two latter groups did not differ (F Ͻ 1).
All three groups were able to acquire a navigation task in a new environment during the subsequent hour. In all groups, the rats learned to swim to the hidden platform within ϳ15 sec (Fig. 4 A) . On the final probe test in the new environment, all three groups showed a preference for the platform zone (Fig. 4 D) . There was no significant Groups effect on escape latencies, nor was there a Groups ϫ Zones effect on the probe test (F values Ͻ 1.3). Thus, temporary inactivation of a small part of the hippocampus disrupted retrieval but not new learning.
Retrieval after postoperative training
Our data suggest that retrieval relies on a widespread hippocampal network. The reason could be that a widely distributed network was engaged during encoding and that the same distributed network must be activated for retrieval of the stored information. Alternatively, the need for large portions of the hippocampus may be inherent to the retrieval process itself, i.e., retrieval may require processes that were not involved in original encoding. If the latter is true, small lesions may disrupt retrieval regardless of the amount of hippocampus used for acquisition. Thus, we tested 20 rats that had acquired the water maze task after partial hippocampal lesions were made. The lesions of these rats were similar to those of the rats learning the task before surgery, with 62.3 Ϯ 1.9% of total hippocampal volume being spared at the dorsal end.
As expected, both the rats with small hippocampal lesions and the sham-operated rats learned to find the hidden platform rapidly and precisely (Fig. 6 A) . These groups achieved escape latencies Ͻ10 sec and clearly searched in the area around the platform on the probe test at the end of the training (Fig. 6 B) . In contrast, a group of rats with complete hippocampal lesions failed to learn where the platform was located. There was a significant effect of Groups on the escape latencies (F (2,17) ϭ 47.3; p Ͻ 0.001), as well as a Groups ϫ Zones effect on time spent in the four zones on the probe test (F (6,51) ϭ 5.7; p Ͻ 0.001). Both effects reflected the difference between the group with complete lesions and the two other groups.
When tested for retention 7 d later, both the sham-operated and the partially lesioned animals searched in the target zone, Figure 2 . Location of remaining hippocampal tissue in a rat with a partial hippocampal lesion that impaired retrieval but not new learning (Fig. 1) . A, Coronal section showing cresyl violet stains of neuronal cell bodies in the intermediate to ventral portion of the hippocampus of a sham-operated rat (left) and a rat with a lesion that spared 58.5% of hippocampal volume dorsally (right). Arrowheads indicate border between lesioned and healthy tissue. B, Threedimensional reconstruction of the remaining dorsal hippocampal tissue (white) of the lesioned rat in A superimposed on a reconstruction of the entire hippocampus ( gray). whereas rats with complete hippocampal lesions still failed on both tests (Fig. 4 B) . Again, there was a significant Groups ϫ Zones effect (F (6,51) ϭ 5.7; p Ͻ 0.001) and a significant Groups effect on time in the platform zone (F (2,19) ϭ 11.3; p Ͻ 0.001). Orthogonal comparisons showed a difference between rats with total hippocampal damage and rats with either partial lesions or no lesions at all (F (1,19) ϭ 22.3; p Ͻ 0.001). There was no difference between the partial lesion group and the sham group (F Ͻ 1). Thus, less hippocampal tissue was needed for retrieval if the task was acquired after the partial hippocampal lesion.
DISCUSSION
The present study shows that retrieval of spatial memory is disrupted by small lesions within the dorsal 70% of the hippocampus in rats trained before surgery. Retrieval was not impaired if acquisition occurred subsequent to the partial lesions, although the interval between training and retrieval was similar. The lesions had no effect on new learning. The results suggest that a widespread hippocampal network is used in normal rats during encoding and retrieval of spatial memory, that this network is located within the dorsal 70% of the hippocampus, and that smaller networks within this region can be used for encoding in rats with partial hippocampal lesions.
Dissociation between retrieval and new learning
Small hippocampal lesions impaired retrieval, suggesting that retrieval involves a widespread hippocampal network. This interpretation rests on the assumption that the remaining hippocampal tissue functioned normally. It is conceivable that ibotenic acid disrupted information processing also in the noninjected parts of the hippocampus, e.g., by triggering seizures. However, the tissue remnants seem to be normal in several important respects. Both synaptic activation and short-and long-term plasticity in the main excitatory synapses of such blocks have been shown to be within the normal range (Moser et al., 1995) , and the animals seem to be capable of normal spatial learning in a water maze. Moreover, temporary inactivation of a part of the hippocampus impaired retrieval shortly after the infusion but not 2 d later when the drug presumably had disappeared from the synapses. Thus, access to spatial memory seems to reappear in the muscimol-infused animals, and it is unlikely that the selective disruption of retrieval after partial inactivation or lesions of the hippocampus reflects damage to the hippocampal network. Rather, we believe pretrained animals were impaired, because a substantial volume of the hippocampus was required for retrieval of spatial memory.
Although retrieval was disrupted, new learning was unimpaired in the partially lesioned rats. Rats with partial damage acquired a new spatial task at the same rate as sham-operated animals. Together with previous observations (Moser et al., 1993 (Moser et al., , 1995 (Moser et al., , 1997 , this suggests that relatively small pieces of dorsal hippocampal tissue (a quarter or less of total hippocampal volume) are sufficient to encode a representation that successfully guides the rat toward a hidden goal. If less than a quarter of the . Distribution of swim time in pretrained rats after partial inactivation of the dorsal hippocampus by microinf usion of the GABA A receptor agonist muscimol. The interval between pretraining and drug infusion was 7 d. A, Latency to locate the hidden platform during pretraining (sessions 1-11) and after drug inf usion (sessions 12-15, con-hippocampus (half of the dorsal hippocampus) is left intact, new learning is also affected (Moser et al., 1995; Duva et al., 1997) .
In animals familiar with the procedural rules of the water maze, knowledge of a new platform position can be acquired within a single trial (Morris et al., 1986) . The present data demonstrate such fast learning also in rats with partial hippocampal lesions, even when the rats do not remember the spatial layout of the original training environment. This is consistent with previous work showing that relearning in radial mazes after large neurotoxic lesions of the hippocampus is only mildly disrupted (Handelmann and Olton, 1981; Jarrard, 1986) and suggests that procedural knowledge about the water maze task is stored and accessed outside the hippocampus (Morris et al., 1982 (Morris et al., , 1986 Squire, 1992) .
The observation that larger volumes of hippocampal tissue are required for retrieval than for new learning may be surprising, because in many regions of the cortex, repetition and practice are accompanied by reduced neuronal activation in specific areas. Well practiced normal subjects show such reductions during perceptual and conceptual priming Raichle et al., 1994; Buckner et al., 1998) , during recall of familiar stories and word lists (Andreasen et al., 1995a,b) , and during motor behavior (Petersen et al., 1998) . In primates, single neurons in the inferior temporal and rhinal cortices respond less frequently to the second than to the first presentation of a stimulus (Miller et al., 1991; Riches et al., 1991) , although this does not necessarily imply that the activated area becomes smaller. In the hippocampus, discharge probabilities were not reduced by repeated presentations (Riches et al., 1991) , suggesting that many hippocampal neurons that were active during encoding may be required also for retrieval.
The hippocampal volume required for retrieval mirrors the volume used for original encoding
Encoding and retrieval of episodic memory may be associated with differential patterns of activity. There is only partial overlap between the systems activated during these processes in the neocortex (T ulving and Markowitsch, 1997; Fletcher et al., 1997) . A similar differentiation may exist for spatial memory within the hippocampus, in which case the need for large volumes of hippocampal tissue during retrieval could be a property of retrieval per se rather than a consequence of the way memory was encoded.
Our data suggest that the amount of hippocampal tissue required for retrieval of a spatial task is not fixed but rather reflects the volume of hippocampal tissue with which the task was acquired. If only a block of the dorsal hippocampus was present during training, that small block also appeared to be sufficient for subsequent retrieval (Fig. 6) , probably because the necessary cellular modifications took place within that block. If the rats learned the spatial task with an intact brain, however, successful retrieval required Ն70% of the hippocampus (Figs. 1, 3 ), suggesting that a widely distributed network was engaged during encoding. Thus, in normal rats, a widespread neuronal ensemble may be engaged both during encoding and again during retrieval of the stored information. The overlapping nature of the two ensembles would be consistent with models, suggesting that the same hippocampal principal neurons may perform both encoding and retrieval functions (Paulsen and Moser, 1998) .
Spatial memory functions may take place in the entire dorsal 70% of the hippocampus
At least 70% of the hippocampus was required to retrieve a spatial task encoded with an intact brain. However, retrieval was successful only if the 70% remnants were at the dorsal side of the hippocampus. Probably because the critical substrate was so large, impairment was seen also after large ventral lesions (affecting ϳ40% of the hippocampus) (Fig. 2) as these encroached on the dorsal to intermediate area.
Encoding is possible with a minimum of preserved tissue in either the dorsal or the intermediate portion of the hippocampus but not in the ventral portion (Moser et al., 1997) . Thus, the same sectors of the dorsoventral axis of the hippocampus seem to be involved in encoding and retrieval of spatial memory. Recent tracing studies have shown that sensory input likely to be important for spatial learning is distributed to the dorsal and the intermediate hippocampus but not to the ventral pole of the structure (Deacon et al., 1983; Witter et al., 1989; Dolorfo and Amaral, 1998a,b) . Thus, behavioral and anatomical data converge and suggest that the hippocampus may consist of a large dorsal region involved in spatial learning and a smaller ventral region not essential for navigation.
The location of the border between the putative functional divisions of the hippocampus may have implications for the interpretation of studies investigating whether pyramidal cells have place fields not only in the dorsal hippocampus but also in the ventral hippocampus. Place cells have been reported in the ventral half of the hippocampus, although such cells may be fewer, discharge at lower rates, and have larger place fields (Jung et al., 1994; Poucet et al., 1994) . However, if more than half of the hippocampus is used for navigation learning, the ventral cells with place fields may still have been located at the dorsal side of the putative border. 
Longitudinal integration of hippocampal activity during encoding and retrieval
The representation of location by hippocampal place cells is nontopographic (O'Keefe and Nadel, 1978; Muller, 1996) . A local cluster of place cells in the dorsal hippocampus usually covers most parts of a spatial environment, and the location of the animal in this environment can be predicted from the discharge pattern of these cells (Wilson and McNaughton, 1993) . However, we found that retrieval was disrupted by small hippocampal lesions, which suggests that a local cluster of neurons may not be sufficient for retrieving a usef ul place representation. Place learning may involve associations between events that each give rise to activity at separate levels of the hippocampus. With sensory information entering the hippocampus along as much as threequarters of the longitudinal axis of the structure (Dolorfo and Amaral, 1998a,b) , it is conceivable that widely separated inputs are associated during spatial learning.
Integration of signals from different levels of the hippocampus may depend on the extensive longitudinal connections of the structure (Amaral and Witter, 1989) . Although the average direction of the excitatory pathways of the hippocampus is in the transverse plane (Andersen et al., 1971) , the major excitatory and inhibitory connections are highly collateralized and divergent (Amaral and Witter, 1989; Nojyo, 1990, 1993; Sik et al., 1995) , and both dentate mossy cells and CA3 pyramidal cells have extensive associational fibers projecting widely in the longitudinal direction (Swanson et al., 1978; Ishizuka et al., 1990; Li et al., 1994) . These recurrent collaterals provide a substrate by which input entering at multiple and distributed sites along the dorsoventral axis of the hippocampal formation could become associated during spatial learning (Marr, 1971; McNaughton and Morris, 1987; Treves and Rolls, 1994; Hasselmo et al., 1995) . 
